Dysfunction in homeostatic mechanisms of cell death and proliferation are considered to be important in the pathogenesis of chemically induced neoplasia. p53 has been implicated in the regulation of cell death and proliferation. To determine whether expression of apoptosis, proliferating cell nuclear antigen (PCNA), and p53 differ between an alkylating agent and a polycyclic aromatic hydrocarbon, host response was measured through sequential immunohistochemical detection of apoptosis (terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling method), PCNA PC-10, and p53 (PAb 240) in livers of the fish Fundulus grandis. Nine hundred fish were randomly assigned to 3 groups of 300 fish each and kept in separate aquarium tanks. One group of fish was exposed to 6.7 &mu;M N -methyl-N' -nitro-N -nitrosoguanidine (MNNG), 1 group was exposed to 6.9 mM 2-aminofluorene (2-AF), and the remaining group served as a control. A significant decrease (p = 0.005) in the level of apoptosis and a significant increase (p < 0.0001) in the level of p53 were found on experimental day 180 in the livers of MNNG-exposed fish. PCNA was significantly increased (p < 0.005) by day 9 of the experiment in both MNNG and 2-AF fish when compared with controls, but no significant differences existed between the 2 groups of treated fish. Response of fish liver cells to MNNG-mediated and 2-AF-mediated injury differs, at least initially, in the expression of p53, inhibition of apoptosis, and increased net cell proliferation. Concurrent use of a marker for cell death with a marker of proliferation greatly enhances the assessment of the effect of these compounds on liver cells.
INTRODUCTION
The use of aquatic organisms as aquatic test species for human health risk assessment has been previously addressed (20) . Its philosophy rests on several factors. One of these factors is the public awareness that the water for drinking, recreational and commercial use, and fishing may contain significant amounts of toxic and carcinogenic compounds. Another factor is that consumption of aquatic organisms living in contaminated waters can pose serious health hazards. Human concern centers on whether eating fish or other sea creatures contaminated with chemicals produce toxic, reproductive, or long-term adverse conditions, such as cancer. Fish are natural sentinels of aquatic pollution, and the use of fish for the study of chemical carcinogenesis has sound scientific basis. Ad-vantages and disadvantages for the use of fish in carcinogenesis studies have been discussed (20) .
Our understanding of the biology of chemical-associated fish tumors is based on morphologic descriptions of tumors in wild and experimental fish and comparisons with tumors in other fish and mammalian species (27) . Such descriptions are relevant to the study of tumors in mammals because fish anatomy, physiology, toxicology, and pathology often parallel those of mammals but at a lower level of complexity. Fish tumor biology should be central to the development of economic and predictive screening tests for potential carcinogens in more complex vertebrates, including humans (27) . The use of tumors and tumor-associated lesions as biomarkers of the effects of chemical exposure in fish also permits a better interpretation of efforts to monitor the status and trends of environmental change in aquatic habitats.
In multicellular organisms, homeostasis is maintained through a balance among quiescent, proliferating, and dying cell populations. Dysfunction in the maintenance of this balance is considered important in the pathogenesis of cancer. Chemically mediated injury to the cellular DNA may result in restoration of its genomic integrity, in mutation with proliferation, or in apoptosis. Concurrent evaluation of apoptosis and proliferation may allow for a better understanding of homeostatic responses from tissues exposed to a chemical compound. Because of the close relationship of the p53 gene product with cell death and cell proliferation, its evaluation also has become important. Although teleost fish have become a popular model for cancer studies, in recent years growing interest has focused on the role of apoptosis in normal physiology and in toxicant-induced disease in fish model systems (1, 2, 10, 21, 22, 25, 35, 36, 40) . Similarly, several articles have referred to detection of proliferating cell nuclear antigen (PCNA) or p53 in fish tissues (14, 15, 18, 23, 30, 34, 38) . However, there have been no published evaluations of homeostatic host responses to chemically mediated cell injury in fish tissues through concurrent detection of apoptosis, PCNA, and p53 or of how their expression may differ in response to different toxic compounds. In this study, homeostasis was evaluated through sequential immunohistochemical detection of apoptosis, PCNA, and p53 in liver and liver lesions from the fish Fundulus grandis exposed to the alkylating agent Nmethyl-N'-nitro-N nitrosoguanidine (MNNG) and to the polycyclic aromatic hydrocarbon 2-aminofluorene (2-AF), which is also classified as an aromatic amine.
Fundulus grandis, also known as the Gulf killifish or the Cocahoe minnow, was chosen as a model of chemically mediated liver cell injury in this study. This native fish lives in brackish waters along the Gulf coast of the southeastern United States and thus could serve as an environmentally sensitive species for aquatic pollution in this region. This fish is well adapted to laboratory conditions, and it has been used previously as a model for studies of chemical carcinogenesis (16) .
The direct-acting alkylating agent MNNG belongs to the N-nitroso group of chemical agents, which includes the N-nitrosamides, N-nitrosamines, and others. Compounds belonging to this group are known to be carcinogenic in many animal species and for a variety of different tissues; these compounds are teratogenic and mutagenic and can have an effect on the synthesis of DNA, RNA, and protein (26) . MNNG has been used frequently in fish to induce neoplasia in liver and other tissues (5, 6, 16) .
The genetic toxicity of the polycyclic aromatic hydrocarbon 2-AF has been recently reviewed (17) . 2-AE along with the compound 2-acetylaminofluorene, is among the most intensely studied of all chemicals and mutagens. Research concerns are centered on the metabolism of 2-AF and the interaction of the metabolites with DNA and the carcinogenic and mutagenic responses that are associated with the resulting DNA damage (17, 39) .
MATERIALS AND METHODS
Fish and Housing. The fish used were between 90 and 120 days old and were 3-5 cm long. The aquarium tanks were 240 X 147 X 25 cm and made of fiberglass; each tank contained 540 L of 5 parts per thousand (ppt) saltwater, pH 8.4 , and was maintained between 26°C and 28°C with a recirculation system. The system served the treatment tanks simultaneously and was assembled with 3 chemical filters containing activated charcoal, 2 biological filters containing sand, and a system to clear the wa- which is 1 ppm or 6.7 (JLM (6, 9) . The route of administration chosen for MNNG was an aqueous medium because of its higher solubility in water, which was aided by using dimethyl sulfoxide as a solvent. For the duration of the exposure, which lasted 1 hour in total darkness, the recirculation system and the filters were turned off.
Because of the poor solubility of 2-AF, route of administration chosen (feed), amount of feed consumed daily by the fish, and the assurance of an even distribution of the compound in the feed, a higher dose of 2-AF, 100 ppm or 6.9 mM, was chosen. The diet was Prime Tropical Flake (Yellow) 3354006500 (Zeigler Brothers, Gardners, Philadelphia, PA), the composition of which was 45% protein (minimum), 10% fat (minimum), 3% fiber (maximum), 9% ash (maximum), and 7% moisture (maximum). General chemical data for both of these compounds have been published (24) . Preparation of 2-AF Feed Mixture. A feed mix containing 6.9 mM 2-AF was to be fed ad libitum for 5 consecutive days. The average consumption of feed in a dry matter basis was estimated to be at least at 2% of the body weight (28) . For all groups, the average body weight of fish sampled at day 0 of the experiment was 3.0 g/fish. The total estimated 5-day feed consumption for the 300 fish in the 2-AF group was 0.1 kg. Molarity was calculated as grams of 2-AF/molecular weight (MW) of 2-AF (MW = 181.24) in 1 kg of feed. For a 6.9 mM 2-AF feed mix, 0.126 g of the compound was mixed with 0.1 kg of ground feed after diluting with 5 ml of 100% ethyl alcohol. The mixture was placed overnight on a mechanical roller to assure a good distribution. Based on an average daily feed consumption of 2% of the body weight, the average feed consumption per fish per day was estimated at 0.06 g of feed containing 7.56 X 10-6 g 2-AE Experimental Design. Nine hundred F grandis were randomly assigned to 3 groups of 300 fish each and kept in separate aquarium tanks. Fish from group 1 were used as controls; they received no treatment and were kept in a separate room from exposed fish. Fish from group 2 were exposed to 6.7 jjLM MNNG solution once, at day 0 of the experiment, and remained within this tank for the rest of the experiment. Fish from group 3 were fed the 6.9 mM 2-AF feed-mixture ad libitum for 5 consecutive days. Twenty-five fish were sampled from each group at days 0, 3, 9, 21, 45, 90, and 180 of the experiment, for a total of 525 specimens. Fish were euthanatized by immersion in 0.4% tricaine methanesulfonate solution. The liver was dissected from each fish and fixed immediately in neutral buffered 10% formalin (NBF) at a ratio of 1 part tissue to 20 parts formalin solution overnight; the head was hemisected and fixed in 10% NBF containing formic acid, a decalcifying agent. Whole liver specimens were routinely processed. Tissue sections 4-5 }jbm thick were cut with a rotary microtome, stained with hematoxylin and eosin (H&E), and evaluated histologically by the same pathologist (U.B.M.). The number and type of lesions found were described and recorded. Ten of the 25 fish specimens sampled from each group were randomly selected for immunohistochemical detection of apoptosis, PCNA, and p53, for a total of 210 fish liver specimens from the 525 fish sampled.
Using a 10 X 10 squared graticule (grid), the total number of liver cell nuclei stained with the chromagen diaminobenzidine (DAB) was recorded from 5 randomly chosen microscope fields counted at X40. The average number of positive nuclei per field was recorded and divided by a conversion factor of 0.03132 mm2, which was obtained after calibrating the graticule with a stage micrometer for the X40 objective. The square of the graticule was always placed over an area that only contained liver tissue. Tissue artifacts and narrow liver tissue areas that did not fill entirely the area covered by the square of the graticule were avoided. The cells counted were mainly hepatocytes, but biliary epithelial cells, endothelial cells, and exocrine pancreatic epithelial cells were included in the counts if positive; F grandis normally has exocrine pancreatic tissue within the liver. The data were reported as number of positive cell nuclei/I mm2 of liver tissue. The criteria previously described for identifying positively stained apoptotic cells were used (13) .
Immunohistochemistry. Apoptosis: The immunohistochemical technique for identifying apoptosis in fish tissues has been described (3) . The procedures with the kit (In-Situ Cell Death Detection Kit, Peroxidase, Boehringer-Mannheim, Indianapolis, IN) for immunohistochemical detection of apoptosis in tissue sections were followed according to the manufacturer, with few modifications. After the sections were deparaffinized and rehydrated to distilled water, they were incubated with 0.4% pepsin solution in 0.01 N hydrochloric acid for 10 minutes at 37°C. Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in methanol for 45 minutes, and the tissue sections were permeabilized with 0.1 % Triton X-100 in 0.1 % sodium citrate for 2 minutes on ice. The tissue DNA strand breaks were fluorescein labeled by adding 50 u.1 of terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) reaction mixture to the tissue sections, and the sections were incubated in a humidified chamber for 60 minutes at 37°C. For signal conversion, 50 [LI of Converter-POD (Boehringer-Mannheim), which contains an anti-fluorescein antibody Fab fragment from sheep conjugated with horseradish peroxidase, was added, and the sections were incubated in a humidified chamber for 45 minutes at 37°C. Sections were then stained with DAB and counterstained with Mayer hematoxylin, dehydrated, cleared, and mounted in a resinous medium. For negative controls, fixed and permeabilized tissue sections were incubated in 50 J.11 of label solution (without terminal transferase) instead of the TUNEL reaction mixture. For positive controls, fish tissues fixed in each of the different fixatives were permeabilized and incubated with DNase I ( 1 wgtml, 10 minutes at room temperature) to induce DNA strand breaks (12, 13) .
PCNA: After processing and embedding the tissues in paraffin, 4-5-l-Lm sections were cut and mounted on charged slides and then deparaffinized and rehydrated to distilled water. The tissue sections were stained using the avidin-biotin complex method (19) . Antigen unmasking was performed in a pressure cooker with 0.01 M citrate buffer, pH 6.0 (29, 33 ). An avidin/biotin blocking step was used to block nonspecific staining. The primary antibody used was mouse anti-PCNA PC-10 (Vector Laboratories, Burlingame, CA). Biotinylated horse antimouse antibody (Vector) was used as the secondary antibody. For the negative control, normal mouse IgG was substituted for the primary antibody. For the positive control, a section of formalin-fixed, paraffin-embedded human colon was used. The entire staining procedure was carried out at room temperature unless otherwise noted.
Slides were immersed in 0.3% hydrogen peroxide in methanol for 30 minutes to block endogenous peroxidase activity, rinsed in 10 mM phosphate-buffered saline (PBS) + BRIJ (PBS-BRIJ, Sigma Chemical Co, St Louis, MO), and incubated for 45 minutes with diluted normal horse serum. The excess serum was removed, and diluted mouse anti-PCNA antibody was placed on slides and incubated for 60 minutes. The primary antibody was diluted according to the manufacturer's instructions (Primary Antibody Staining Evaluation Quality Control Sheet, 1: 100 dilution, DAKO, Carpinteria, CA). Slides were rinsed in buffer (PBS-BRIJ), and the avidin (Avidin/Biotin Flush Kit, Vector Laboratories) was applied for 15 minutes. Slides were rinsed in PBS-BRIJ buffer, and the biotin (Avidin Biotin Flush Kit) was applied for 15 minutes. Slides were rinsed in PBS-BRIJ buffer and the avidin-biotin complex was applied, and slides were incubated for 45 minutes at room temperature. Slides were rinsed in PBS-BRIJ buffer, and DAB was applied for 5-10 minutes. The slides were rinsed in distilled water to stop the chromogen reaction and then counterstained with nuclear-fast red, dehydrated, cleared, and mounted in a resinous medium. p53. Following tissue processing and paraffin embedment, serial sections 4-5 [tm thick were cut and mounted on charged slides and then deparaffinized and rehydrated to distilled water. The tissue sections were stained using the avidin-biotin complex method (19) . Antigen unmasking was performed in a pressure cooker with 0.01 M citrate buffer, pH 6.0 (29, 33) . The entire staining procedure was carried out at room temperature unless otherwise noted. Endogenous peroxidase activity was blocked by immersing slides in 0.3% hydrogen peroxide in methanol for 30 minutes. The slides were covered with 2% normal horse serum (1:50) and incubated for 45 minutes. An avidin/biotin blocking step was used to block nonspecific staining. The primary antibody, mouse anti-p53 antibody (PAb 240), was applied to the slides and incubated overnight at 4°C at a dilution rate of 1:150. Normal mouse IgG (Vector), diluted at the same concentration as its respective primary antibody, was substituted for the primary antibody for the negative controls. A dual positive and negative control slide was established with SV-40-transformed and untransformed altered canine tracheal cells (ACT-8 and ACT-8/SV40 cells, Dr Tierney, Inhalation Toxicology Research Institute, Albuquerque, NM) and normal canine liver tissue section. Biotinylated horse anti-mouse (1:200) antibody, which served as the secondary antibody, was incubated for 30 minutes. The avidin-biotin complex was prepared according to the manufacturer's directions and was applied for 45 minutes.
Slides were rinsed in PBS between each step, except between the normal horse serum and primary antibody steps. The slides were stained with DAB and then counterstained with nuclear-fast red, dehydrated, cleared, and mounted in a resinous medium. Statistical Analysis. Two-factor factorial analysis of variance for the data obtained from the immunohistochemical detection of apoptosis, PCNA, and p53 was performed using the following statistical model: Y;~k is NI[Lij, (J'2}, assuming independent observations and equal variances ; where i is group (control, MNNG, 2-AF); j is days (0, 3, 9, 21, 45, 90, 180); and k is counts (1-210). Differences were considered significant at p = 0.05. All of the data analysis was performed using a Statistical Analysis System (SAS, Cary, NC) computerized program.
RESULTS

Histopathology
Histologic evaluation of 525 fish livers revealed 153 livers with lesions: 37 in the control group, 55 in the MNNG group, and 61 in the 2-AF group (see Table 1 ).
The frequency and type of liver lesions found in each group are summarized in Table 2 . In the control group, most of the lesions found were inflammatory, and most were recognized by day 3 of the experiment. Most of the inflammatory lesions were mild and consisted of perivascular and pericholangial admixtures of lymphocytes, eosinophilic granular cells, and histiocytes. Hepatocytes in adjacent areas had cytoplasmic vacuolar changes, which consisted of increased number of clear vacuoles of various sizes. Apoptotic cells occurred mainly in areas associated with mononuclear inflammatory cell infiltrates. Six of 175 fish livers had a distinct, discrete, nonexpansile nodular collection of densely eosinophilic hepatocytes (eosinophilic focus), which maintained the normal tubulosinusoidal architectural arrangement of adjacent hepatocytes. No neoplastic changes were found in any of the control fish livers. In the MNNG group, a similar number of fish livers with hyperplastic, inflammatory, and vacuolar changes were recognized. Inflammatory changes were similar to but milder than those described for the control fish group, and their occurrence was spread throughout the experiment. Hyperplastic changes were more frequently noted on days 45, 90, and 180 of the experiment and varied from discrete clusters to widely disseminated hepatocytic hypercellular foci to diffuse hepatocellular hyperplasia, with increased cytoplasmic basophilia and vacuolar degeneration (see Figure  1 ). Hepatocytic megalocytosis and megalokaryosis were frequently recognized in hyperplastic lesions from several specimens. Basophilic foci were recognized as discrete nodular collections of hepatocytes with basophilic cytoplasm. The normal tubulosinusoidal architectural arrangement was maintained in all areas of hyperplastic change, however. Apoptotic cells, which were identified as necrotic cells with condensed cytoplasm and nuclear pyknosis or karyorrhexis, frequently were noted throughout. Two liver neoplasms were recognized, at days 9 and 180. The histologic features of the neoplasm found at day 9 were consistent with a cholangiocellular carcinoma, characterized by expansile proliferation of pleomorphic polygonal cells arranged in tubular structures within a fibrous stroma. The hyperchromatic nuclei were round to oval with moderate anisokaryosis. Mitotic figures were rare, and number of apoptotic cells ranged from 1 to 2 per high-power field. The cytoplasm was eosinophilic and vacuolated. The histologic features of the neoplasm noted at day 180, which were commensurate with those of a hepatocellular carcinoma, consisted of a discrete focus of neoplastic pleomorphic polygonal cells in a tubulosinusoidal arrangement. The nuclei were eccentrically located, round to oval, and hypochromatic, with marked anisokaryosis and prominent amphophilic nucleoli. Mitotic figures were not seen. The dense cytoplasm was basophilic, with a few eosinophilic vacuoles. In the 2-AF group, inflammatory changes recognized were also spread throughout the duration of the experiment. The histologic changes were similar to those described for the fish exposed to MNNG. Hepatocellular hyperplasia was also recognized in these fish, with the highest frequency recorded at day 45 of the experiment. The histologic features resembled those described for the fish exposed to MNNG. Again, the association of apoptotic cells with areas of inflammation and hyperplasia was recognized.
Neoplastic changes were noted in 2 livers, at day 45 and day 180. The microscopic features of these neoplasms resembled those described for cholangiocellular carcinoma in the fish liver from the MNNG group, with the exception that the tumor noted at day 180 of the experiment was more anaplastic and invasive, with multiple intrahepatic neoplastic microsatellites. No evidence of metastasis to other organs was recognized in any of the specimens examined.
Apoptosis
Immunohistochemical labeling of morphologically intact nuclei occurred in the liver tissues used as DNase I positive controls and in liver tissues from the control and exposed fish groups. These findings are consistent with previous observations (3). Figure 2 shows an example of the immunohistochemically detected apoptotic nuclei. The distribution of these apoptotic nuclei is illustrated in Figure 3 . In the control fish group, mean hepatic apoptosis detected by immunohistochemical methods varied from 1,359 nucleilmm2 of liver tissue on day 3 to 2,296 nuclei/mm'on day 45 of the experiment. In the MNNG fish group, the mean hepatic apoptosis varied from 665 nuclei/MM2 on day 180 to 2,257 nuclei/mm'on day 45 of the experiment. In the 2-AF fish group, the mean hepatic apoptosis ranged from 986 nuclei /mum2 on day 21 to 2,599 nuclei/mm2 on day 45 of the experiment. The 2-factor factorial analysis of variance showed no significant group by day interaction (p = 0.165); thus, individual main effects of group and day were evaluated. There were significant differences between the MNNG fish and the control fish (p = 0.0053), but there were no significant differences between the MNNG fish and the 2-AF fish (p = 0.1512) or between the 2-AF fish and the control fish (p = 0.1690). Sample day main effects revealed significant differences between experimental day 45 and the rest of the days of the experiment. Least-square means revealed that at day 180, significant differences (p = 0.005) in apoptotic cell counts were found between the control fish and the MNNG fish but not between the MNNG fish and the 2-AF fish or between the 2-AF fish and the controls. Figure 4 illustrates the comparative distribution of immunohistochemical detection of PCNA for control fish and fish exposed to 2-AF or MNNG. In the control fish, mean hepatic PCNA PC-10 ranged from 895 nuclei/mm~ of liver tissue (day 90) to 2,413 nucleilmm2 (day 3). In the MNNG fish, mean hepatic PCNA PC-10 varied from 870 nuclei/ mm2 (day 0) to 3,220 nuclei/mm2 (day 9). In the 2-AF in the liver of Fundulus grandis exposed to 6.7 pM MNNG or 6.9 mM 2-AF (*p < 0.005). Bars indicate standard errors. in the liver of Fundulus grandis exposed to 6.7 fLM MNNG or 6.9 mM 2-AF (*p < 0.0001). Bars indicate standard deviations. fish, mean hepatic PCNA PC-10 varied from 936 nuclei/ mm2 (day 180) to 2,849 nuclejmm2 (day 9). Figure 5 shows an example of immunohistochemically labeled PCNA-positive nuclei. The 2-factor factorial analysis of variance revealed a significant group by sampling day interaction (p = 0.003), with highly significant differences (p = 0.0001) obtained at day 9 of the experiment between the PCNA least-square means for the treated fish groups and the least-square means of the control fish group. However, no significant differences (p = 0.339) in PCNA leastsquare means were found between the MNNG fish and the 2-AF fish at day 9 of the experiment.
PCNA
p53
Mean levels of immunohistochemically detected hepatic p53 protein per experimental day sampled from fish exposed to MNNG or 2-AF are shown in Figure 6 . Figure  7 shows representative immunohistochemical staining for p53 PAb 240 in the liver of F grandis. The difference in apoptosis ratio in the liver of Fundulus grandis exposed to 6.7~.M MNNG or 6.9 mM 2-AF the population means between the MNNG fish and the 2-AF and control fish was highly significant (p = 0.0001) regardless of the day sampled. The 2-factor factorial analysis of variance revealed a highly significant group by sample day interaction (p = 0.0001). Because of this significant interaction, treatment and sample day main effects were not evaluated.
DISCUSSION
Apoptosis
As previously proposed, labeling of morphologically intact nuclei as apoptotic nuclei suggests that the endlabeling of DNA strand breaks occurs before the morphologic features of apoptosis (or apoptotic necrosis) are recognized histologically in fish tissues fixed in 10% NBF solution (3) . The significant reduction in the immunohistochemical detection of apoptosis in the fish treated with MNNG as compared with the control fish suggests that the process of apoptosis is suppressed as a riGLRE 7-9.-Section of oral mucosa from an unexposed i ,<>;aa<,<s grandis demonstrating representative immunohistochemical detection of p53 (PAb 240). Nuclear deposition of DAB identifies positive cells (arrow). Hematoxylin. Bar = 33 jjLm. result of exposure to 6.7 RM MNNG. Dysfunction of the process of apoptosis is important in the pathogenesis of neoplasia (4, 7, 8, 11, 37) . MNNG, an alkylating agent, has been asociated with neoplastic processes in fish, including medaka (Oryzias latipes) and other Fundulus species (6, 27) . The mechanism by which apoptosis is suppressed as a~ result of MNNG exposure is unknown and deserves further investigation. The absence of a significant difference in apoptosis between fish treated with MNNG and those treated with 2-AF suggests that apoptosis also may be affected by 2-AF exposure. However, no significant differences were established between fish treated with 2-AF and the control fish. Native fish, such as F grandis, may be less susceptible to carcinogens than laboratory-reared species, such as medaka (27) . However, the significant decrease in detection of apoptosis and the increased number of putative preneoplastic lesions (eg, hepatocellular basophilic foci, megalocytosis, and karyomegaly) found in both MNNG fish and 2-AF fish support the use of this native species as a model for the study of chemically induced carcinogenesis. PCNA PCNA is a subunit of mammalian DNA polymerase 8 that functions in DNA synthesis and repair. The data obtained from the immunohistochemical detection of PCNA suggest that after chemically mediated cell injury, fish liver cells respond by a significant increase in the level of PCNA expression, which peaked by day 9 of the experiment. This response seemed to occur regardless of which chemical compound was used. This finding is consistent with the statements made by Schafer (32) in his review of the cell cycle. Thus, the increased immunohistochemical detection of PCNA that occurred in exposed fish livers early during the experiment (day 9) most likely represents a DNA damage repair response rather than a proliferative response to MNNG or 2-AE This finding is consistent with previous observations in mammalian tissue (31) . Histologically, however, the largest number of fish livers with hyperplastic changes was found on day 45 of the experiment in both treated groups. The highest immunohistochemical detection of apoptosis also was noted day 45 of the experiment.
In (unexposed) multicellular organisms, homeostasis is maintained through a balance among quiescent, proliferating, and dying cell populations. In our study, chemical exposure of fish to MNNG and 2-AF most likely shifted this balance between proliferating and dying cell populations in the liver. Thus, if our findings are representative of the homeostatic process that occurs after chemically mediated cell injury, a ratio of the mean levels of immunohistochemically labeled PCNA and the mean number of apoptosic cells would be representative of homeostatic response of fish liver cells exposed to MNNG and 2-AF (Figure 8 ). Consistent with a DNA damagerepair response, on days 9 and 21 both 2-AF and MNNG fish had elevated PCNA : apoptosis ratios when compared with the control group. This elevation was followed by a marked decline in the ratios for both treatment groups on days 45 and 90, but on day 180 the ratio for the MNNG fish sharply increased because of the low number of immunohistochemically labeled apoptotic nuclei. This finding is consistent with the experimental data obtained. Therefore, exposure of F grandis to 6.7 [tM MNNG results in an apparent suppression of apoptosis and disrupts the maintenance of hepatic homeostasis.
p53
Immunohistochemical labeling by the anti-p53-PAb 240 monoclonal antibody in the liver of fish exposed to 2-AF or MNNG was low throughout most of the experiment. Immunohistochemical labeling for p53 PAb 240 was mainly nuclear but also occurred in the cytoplasm. Only positively stained nuclei were included in the counts, however. In some fish livers, heavy deposition of the chromogen DAB outlined the periphery of hepatocytes, hepatic sinusoids, and blood vessels and obscured the cellular detail. However, distinct nuclear immunohistochemical labeling of p53 PAb 240 was consistently identified in the epidermis, gill lamella, and oral mucosa of control and exposed fish (Figure 9 ). There was no evidence of increased immunohistochemical detection of p53 PAb 240 in the skin, oral mucosa, or gills from any of the fish groups.
These data suggest that MNNG-mediated cell injury induces changes in the DNA that can lead to increased levels of the p53 gene product due to either an increase in its expression/activity or a decrease in its degradation. At 180 days, there was a difference in the detected levels of p53 protein between the MNNG fish and the 2-AF fish and between the MNNG fish and the control fish. These observations are probably consistent with the evidence presented for the suppression of apoptosis and increased net cell proliferation in the liver of fish exposed to MNNG.
Because of excessive background staining noted in several specimens, the anti-p53-PAb 240 monoclonal antibody protein used in this study might not be the best marker for detection of the p53 protein that occurs in formalin-fixed, paraffin-embedded F grandis liver tissue. However, the consistant immunohistochemical detection of nuclear p53 protein with the anti-p53-PAb 240 antibody in epithelial cells from the epidermis, gills, and oral mucosa from fish in all of the experimental groups, although not understood at this time, suggests that an antigenic epitope similar to that of the mammalian p53 protein is recognized. Thus, the development of specific fish monoclonal anti-p53 antibodies is needed. These findings and the increased occurrence of putative preneoplastic changes (basophilic foci, megalocytosis, and karyomegaly) noted histologically in the MNNG fish suggest that tumors with a mutated p53 gene would develop in time in the livers of these fish. However, similar histologic changes were also noted in the 2-AF fish in the absence of increased p53. This finding suggests that the neoplastic changes that occur as a result of exposure to 2-AF may not initially involve modulation of the p53 gene product; other mechanisms of carcinogenesis may be involved. 
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